The S-TIH1 glass from Ohara Inc. is an infrared optical material that exhibits high room-temperature refractive index as well as wide variation in dispersion as a function of wavelength. Because of these properties, this material could be a suitable candidate for use in a refractive system based on a prism design. In order to broaden applications for S-TIH1 and to enable a high-fidelity system design that operates at cryogenic temperatures, this paper reports on a temperature-dependent refractive index study performed for this glass. These measurements were performed using the Cryogenic High Accuracy Refraction Measuring System (CHARMS) facility at the Goddard Space Flight Center (GSFC). We report the absolute refractive index, spectral dispersion, and spectral thermo-optic coefficient (dn/dT ) at temperatures ranging from 120 to 300 K for wavelengths from 0.445 to 2.536 μm. We compare our index of refraction measurements to the material manufacturer's data at room temperature. We also provide temperature-dependent Sellmeier coefficients based on our measured data to allow accurate computations of index as a function of wavelength and temperature. These studies are complemented with measurements of coefficient of thermal expansion (CTE) to further validate the use of this type of glass in cryogenic optical systems.
INTRODUCTION
A refractive optical system design had been proposed for the Galaxy Redshift Survey (GRS) instrument of the Wide-Field InfraRed Survey Telescope (also known as the Astrophysics Focused Telescope Assets or AFTA-WFIRST) mission. 1 This optical design incorporated a prism made of S-TIH1 glass that was expected to operate in a space environment at temperatures as low as 150K. 2 However, given that only room-temperature refractive index data existed for this glass, a preliminary lens design was constructed through extrapolation of a roomtemperature optical model -risky venture without cryogenic measurements to validate the design. This design was based on known room temperature refractive index data, and adjusted mainly for piston and curvature changes for the design to work at cold temperatures. Further validation of this design was a motivating factor for the present measurements.
Hence, we report on space qualification studies performed on S-TIH1 glass samples in order to determine the validity of the cold lens system design mentioned above. We obtained high accuracy cryogenic refractive index data using the Cryogenic High Accuracy Refraction Measuring System (CHARMS) facility at the Goddard Space Flight Center (GSFC). We provide temperature-dependent Sellmeier coefficients based on our measured data to allow accurate interpolation of index as a function of wavelength and temperatures and compare our index measurements to the material manufacturer's room temperature dispersion law. We also report on coefficient of thermal expansion (CTE) and spectral transmittance and reflectance to establish the transparency of the S-TIH1 glass in the near-infrared (NIR) part of the spectrum. These are made in order to further validate the use of the S-TIH1 glass in a cryogenic optical system. This paper is organized as follows. Section 2 provides a summary of the experimental techniques used. Section 2.1 gives details on instrumentation used for the CTE measurements. Section 2. used to obtain transmission and reflectance of S-TIH1 samples. Section 2.3 gives a description of the measurement technique, sample requirements, and treatment of absolute, cryogenic, refractive index data obtained with CHARMS. Section 3 is devoted to CTE and spectral results while Section 4 is devoted to presentation and discussion of index data obtained with CHARMS. The paper ends with some concluding remarks.
EXPERIMENTAL DETAILS
This section is devoted to a description of the experimental techniques used to obtain the data that will be presented later.
Coefficient of Thermal Expansion
The coefficient of thermal expansion (CTE) was determined for two Ohara S-TIH1 glass samples with dimensions of 100× 50× 2 mm 3 . Measurements of CTE between 100 K (-173 • C) and 313 K (40 • C) were performed using a Michelson laser interferometer measurement system (ASTM Standard E 289 -95). Figure 1 displays a schematic of the apparatus. The test conditions included 3 temperature cycles (with sample under vacuum) between the range mentioned above and at a ramp rate of 1
• C/minute. The thermal expansion ΔL/L o of the sample as function of temperature was measured and normalized to the sample dimension at 293 K (20 • C). These ΔL/L o data were fitted with a polynomial equation and the instantaneous CTE was calculated from the derivative of this equation with respect to temperature.
Spectral Measurements
The instrument used to obtain spectral scans of transmittance and reflectance was a Perkin Elmer Lambda 950. It is a double-beam, ratio recording monochromator with a spectral coverage that includes the near-infrared/visible and ultraviolet spectral regions (NIR/VIS/UV) from 0.200 to 2.500 μm and a 0.002 μm spectral resolution. The light sources in this instrument are a tungsten-halogen lamp for the NIR and visible ranges, and a deuterium (D 2 ) lamp for the UV region. The detectors consist of a photomultiplier tube (PMT) for the UV-VIS and a Peltier cooled PbS detector for the NIR.
Transmittance data, T (λ), for these samples were obtained by taking the ratio of the sample spectral transmission, at a normal angle of incidence, relative to the transmission of an empty hole. In the case of reflectance, (λ), we used a Universal Reflectance Accessory that permits the measurement of absolute specular reflectance at a near-normal angle of incidence of 8
• .
Refractive Index Measurements
The refractive index measurements were performed with Cryogenic High Accuracy Refraction Measuring System (CHARMS). The basic operation of CHARMS is to determine the refractive index of materials using the method of minimum deviation as light is refracted through a prism. 3 Detailed descriptions of the CHARMS system data acquisition and reduction processes have been documented elsewhere as are the calibration procedures.
4-6 The S-TIH1 prisms used in this study were fabricated to fit in the custom, windowless, CHARMS sample chamber and to provide optimal deviation angles for measurements of highest precision and lowest uncertainty. The apex angle of the prism is designed so that beam deviation angle for the highest index in the range where the material is transparent will equal the largest accessible deviation angle of the refractometer which is ∼ 60
• . The nominal apex angles for the prisms measured in this study is 58.9
• . We measure index directly, with sufficient sampling over a wide range of wavelengths and temperatures to produce a model with residuals on the order of the uncertainties in our raw index measurements. In general we fit our raw measured data to a wavelength and temperature dependent Sellmeier model described by:
where
and
These Sellmeier models are our best statistical representation of the measured data over the complete measured ranges of wavelength and temperature. We have found that 4th order temperature dependence in all three terms in each of S i and λ i work adequately well, 7-9 as also found previously in the literature. 10 The values for the refractive index are typically calculated using this Sellmeier model based on measured data by using the appropriate coefficients. The quality in the modeling is ensured by comparing the fits to the measured values and having residuals that are less than the uncertainty in the respective measurements. These coefficients should not be applied beyond the wavelength and temperatures ranges over which the measurements are made.
CTE AND SPECTRAL RESULTS
We now turn our attention to show results using the experimental techniques mentioned in the previous sections. We will start first with the coefficient of thermal expansion. Figure 2 shows the thermal expansion data for one S-TIH1 specimen using the Michelson laser interferometer measurement setup previously shown in Figure 1 . These data were collected in a 3-cycle process with the ramp rate equal to 1
CTE Results
• C/min in vacuum. A second specimen yielded nearly identical results. These results show the normalized thermal expansion (ΔL) relative to the sample dimension at 293 K. We observe a monotonic increase in expansion with increasing temperature in a quasi linear fashion. These data are fitted using a polynomial equation of the form:
where a best fit yielded: A = 9.9 × 10 −8 , B = 9.7 × 10 −5 , C = 4.2 × 10 −2 , D = −1.409, and E = −1.43 × 10 +3 . The instantaneous CTE is calculated from the derivative of the polynomial equation above and these results are shown in Fig 3. We also note that, likewise the thermal expansion, the CTE for the S-TIH1 glass has a monotonic behavior where it increases with an increase in temperature. 
Wavelength (pm) Reflec. Figure 4 . Transmittance and reflectance data measured on a S-TIH1 witness sample 2 mm thick.
Spectral Results
Here we show spectral measurements performed on a S-TIH1 witness glass coupon in order to establish the transparency over a wide spectral range. Measurements on a total of three samples yielded nearly identical results. Figure 4 displays measured transmission and reflection data obtained with the spectro-photometer described in Sec. 2.2. As can be seen in this figure, this glass has a short-wave cutoff close to 0.400 μm. The transmission is nearly constant (87%) above this wavelength over the extent of the data shown in Figure 4 up to at least 2.0 μm. These data show some hints of very weak absorption above this wavelength. The reflectance data (red dotted curve) is also fairly flat with an average value of 12%. Finally, the sum of T plus R data is close to 100% between 0.45 μm and 2.0 μm and this suggests the useful spectral range over which this glass could be used as a refractive element in an optical system as it was originally proposed in the WFIRST optical system. Figure 5 shows six panels of the raw index of refraction data versus temperature at six discrete wavelengths (0.445, 0.50909, 0.69292, 1.32504, 1.7818, and 2.5312 μm). It is worth pointing out that the changes of index versus temperature are within the 4 th and 5 th decimal places for the representative wavelengths shown in this figure. Moreover, the smoothness of these results indicate the quality of the data produced with the CHARMS refractometer. The trend in temperature shows some unusual behavior for the S-TIH1 glass. The graph corresponding to the 0.445 μm panel shows an index that decreases with decreasing temperature (positive dn/dT). The index shows some evidence of saturation below 200 K. However, the 0.50909 μm panel shows a dn/dT that Temperature (K) i50 dp-amt 
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Temperature Dependence
Temperature (K)
2.5312 µm Figure 5 . Temperature variation in index at various wavelengths. changes sign over the temperature range shown, with a reversal in sign at 210 K. The trend in dn/dT is reversed starting at 1.32504 μm and longer wavelengths, where dn/dT is < 0 for all measured temperatures. Finally, Table 3 displays estimates of the uncertainties for index measurements performed with CHARMS. Figure 6 displays the S-TIH1 refractive index values as a function of wavelength at ambient temperature (293 K). This graph shows CHARMS and Ohara data plotted on the same scale (left axis). The Ohara values were generated from a published dispersion formula and corrected to represent results in vacuum. The CHARMS values where reproduced from Sellmeier fits to measured data using Equations 1, 2, and 3. The index for this material starts with a value of ∼ 1.668 at 2.5 μm and increases with decreasing wavelength. The material shows a noticeable increase in dispersion especially for λ below 0.775 μm. The index reaches a value of 1.747 at λ = 0.445 μm. It is worth pointing out that the difference in absolute index values between the CHARMS and Ohara data is so small that it is hard to distinguish them based on the absolute refractive index values as shown in this graph. A better assessment of how close they are is performed by looking at the right vertical axis scale, which is associated with the difference in CHARMS and Ohara values (red dotted curve). These results show there is an agreement that is within ±1 × 10 −5 or better in the visible range (0.445 to 0.650 μm). The discrepancy shows a monotonic increase with increasing wavelength reaching 5×10 −5 out to λ ≈ 2.0 μm. This is not surprising given that this material is starting to show evidence of weak absorptions above this wavelength, consistent with transmittance and reflectance data in Figure 4. 
Comparing CHARMS and Ohara Absolute Index Values
Sellmeier Fits
It is standard procedure to represent the CHARMS data after performing a satisfactory fit using the Sellmeier equations shown in Equations 1,2, and 3. We performed a 3 rd order fit (m=3) that seems to represent well the data as a function of T and λ. The peak residuals are only about 1.5×10 −5 to 2×10 −5 , and the average of the absolute value of all residuals is only 4.6×10 −6 .
The next step is to compute on a relatively dense grid of wavelengths and temperatures confined to the measured ranges in both parameters. From that index grid, dispersion, dn/dλ, and dn/dT or the thermo-optic coefficient can be computed. Fitted dispersions are listed in Table 2 for selected wavelengths and temperatures and plotted in Figure 7 . Even though no dispersion values are listed in regions of wavelength and temperature where measurements were not made, one can easily see that dispersion is practically independent of temperature -a common phenomenon. Fitted thermo-optic coefficients are listed in Table 3 for selected wavelengths and temperatures and plotted in Figure 8 . Again, Table 3 is blank in regions of wavelength and temperature where measurements were not made. 
CONCLUSIONS
Using the CHARMS facility at NASA GSFC, we have measured the cryogenic refractive index of the Ohara S-TIH1 glass from 0.40 to 2.53 μm and from 120 to 300K. We have also examined the spectral dispersion and thermo-optic coefficients (dn/dT ). We also derived temperature-dependent Sellmeier models from which refractive index may be calculated for any wavelength and temperature within the stated ranges of each model. The S-TIH1 glass we tested exhibited unusual behavior in the thermo-optic coefficient. We found that for λ < 0.5μm, the index of refraction decrease with a decrease in temperature (positive dn/dT ). However, the situation was reversed for λ larger than 0.63 μm, where the index will increase with a decrease in temperature (negative dn/dT ). We also measured the coefficient of thermal expansion (CTE) for the similar batch of S-TIH1 glass in order to understand its thermal properties. The CTE showed a monotonic change with a decrease in temperature.
